SUMMARY In 10 conscious dogs, a model was developed for studying regional contractile responses in a coronary collateral-dependent bed. Regional myocardial function was compared after terminating a maximum paced rate of 240 beats/min maintained for 3 minutes (postpacing period) with that during telemetrymonitored exercise at comparable heart rates (average 252 i 34 beats/min, duration 2.4 minutes) at different times during collateral development. Ultrasonic dimension gauges were used to measure control and ischemic segment (CS and IS) One pair was placed in a region near the base of the posterior papillary muscle in the distribution of the circumflex coronary artery, termed the ischemic segment, and the other pair was positioned in the anterior wall of the left ventricle, termed the control segment. A third pair was implanted in the subendocardium and on the epicardium in the ischemic area in order to measure regional wall thickness.22' 23 The left circumflex coronary artery was dissected free near its origin and a miniaturized 10-MHz Doppler flow probe was placed around it.26 An ameroid constrictor was placed around the vessel distal to the flow probe to produce gradual narrowing of the artery.26 27 The ameroid constrictor was slotted and encased in a slotted stainless steel ring; it was 5 mm long and the external and internal dimensions were 9 and 3 mm, respectively. Pacing electrodes were sutured to the right atrial appendage and the right ventricle. The pericardium was left open, the chest wall was closed, and all wires and tubing passed subcutaneously to the back of the dog were brought through the skin between the scapulae. To avoid atrioventricular block during pacing, the right atrial appendage and right ventricle were used as a bipolar pacing site. This pacing method frequently produced less shortening and abnormal wave forms in the control segment tracings during pacing. Because the purpose of pacing was to stress the heart by increasing heart rate and to evaluate the response immediately after cessation of pacing, the data obtained 
CARDIAC STRESS, such as that induced by physical exercise or pacing, can provoke ischemia in myocardium supplied by a partially obstructed coronary artery.'16" However, little is known regarding the degree to which collateral development alters the sensitivity of such testing. '17 ' The goals of the present study were to develop a chronic animal model in which a collateral-dependent zone existed in the left ventricle and to evaluate the effects on cardiac functions of two types of stress induced clinically: strenuous exercise2, [13] [14] [15] [16] and rapid cardiac pacing, which was analyzed in the immediate period after its cessation" 2, 6, 9, 10 at different times in the process of collateral development. Because regional myocardial contractile dysfunction appears to be a sensitive indicator of transient ischemia, '3' 1924 changes in this variable were used to compare dysfunctional responses over time.
Methods
Ten adult mongrel dogs that weighed 21.8-36.4 kg (mean 27.8 kg) were anesthetized with sodium pentobarbital (25 mg/kg, i.v.). Artificial ventilation was provided by a Harvard respiratory pump. Under sterile conditions, the chest was opened in the fifth left intercostal space and the pericardium was widely incised parallel to the phrenic nerve. A high-fidelity pressure manometer (Konigsberg P22) and a fluidfilled catheter, 1.3 mm i.d. (Tygon), were inserted into the left ventricular chamber through the ventricular apex. Two pairs of miniature 5-MHz ultrasonic dimension gauges were implanted in the left ventricular wall in a circumferential plane near the subendocardium, with the crystals of each pair separated by approximately 1.5 cm. 20 21 One pair was placed in a region near the base of the posterior papillary muscle in the distribution of the circumflex coronary artery, termed the ischemic segment, and the other pair was positioned in the anterior wall of the left ventricle, termed the control segment. A third pair was implanted in the subendocardium and on the epicardium in the ischemic area in order to measure regional wall thickness.22 ' 23 The left circumflex coronary artery was dissected free near its origin and a miniaturized 10-MHz Doppler flow probe was placed around it. 26 An ameroid constrictor was placed around the vessel distal to the flow probe to produce gradual narrowing of the artery. 26 27 The ameroid constrictor was slotted and encased in a slotted stainless steel ring; it was 5 mm long and the external and internal dimensions were 9 and 3 mm, respectively. Pacing electrodes were sutured to the right atrial appendage and the right ventricle. The pericardium was left open, the chest wall was closed, and all wires and tubing passed subcutaneously to the back of the dog were brought through the skin between the scapulae.
To avoid atrioventricular block during pacing, the right atrial appendage and right ventricle were used as a bipolar pacing site. This pacing method frequently produced less shortening and abnormal wave forms in the control segment tracings during pacing. Because the purpose of pacing was to stress the heart by increasing heart rate and to evaluate the response immediately after cessation of pacing, the data obtained PACING, EXERCISE AND COLLATERAL RESERVE/Kumada et al.
during pacing were not analyzed. 9 The pacemakcr delivered impulses of 1 msec duration, and the magnitude was adjusted from 7.5-9 V to assure reliable ventricular capture.
The first pacing experiments were conducted 5-10 days (mean 7 days) postoperatively with the conscious dog lying quietly on its right side on the floor. After the dog was in a basal state, 30-60-second control recordings were taken and showed stable pressure, dimensions and coronary flow. Heart rates were then increased in increments of 20 beats/min by the pacer. Each'period of pacing at 160-220 beats/min was maintained for 30 seconds and for 3 minutes at a rate of 240 beats/min; the total pacing du'ration was 5 minutes. The pacer was then abruptly stopped, and hemodynamic and dimensional recordings were continued for 5 minutes. Coronary blood flow was not yet limited by the ameroid constrictor in this early postoperative period, and th'e postpacing responses were normal.9
Cor'onary blood flow velocity, as assessed by the flowmeter, ceased completely 18-27 days postoperatively (mean 23 days). The same pacing protocol was performed [20] [21] [22] [23] [24] [25] [26] [27] [28] days postoperatively (mean'23 days) to coincide with the time of complete coronary occlusion in nine of the 10 dogs. Among these nine dogs, coronary blood flow ceased completely on the day of pacing experiments in two dogs and had ceased 1-4 days (mean 2 days) previously in seven. In the tenth dog, the flow probe was not functioning correctly, so absolute cessation of flow could not be verified. However, this dog exhibited severe postpacing regional dysfunction at that time, and the changes in other measurements during the postpacing period were essentially the same as in the other dogs in which total coronary occlusion was confirmed, so this dog was included. The flowmeter calibration has been described. 25 To compare postpacing regional myocardial responses with those induced during exercise, two exercise runs monitored by radiotelemetry were conducted several days apart. The first run was performed an average of 25 10.21, 24 Percent shortening or percent thickening of each dimension was obtained by calculating the ratio of end-diastolic dimension minus end-systolic dimension'to end-diastolic dimension.
The time course of cardiac responses after cessation of pacing was analyzed at five points: control before pacing and 5 seconds, 10 seconds, 1 minute and 5 minutes after pacing was stopped. The exercise'data were analyzed at two points: before exercise (control) and' just before the end of run. The data represent the average of 10 consecutive beats except for the values at 5 and-10 seconds in the postpacing period, which are the average of five consecutive beats because cardiac dynamics were rapidly changing during this Values are mean ± SD.
There were no significant differences between studies performed on different occasions in HR, LVSP, and peak positive and negative dP/ dt. *p < 0.01 vs control.
tP < 0.05 vs control.
Abbreviations: HR = heart rate; EDP = end-diastolic pressure; LVSP = left ventricular peak systolic pressure; peak (+) dP/ dt = peak positive dP/ dt; peak (-) dP/ dt = peak negative dP/ dt; C = control (before pacing); How tightly the ameroid constrictor fits around the vessel at surgery changes the time course of subsequent vessel narrowing.26 However, the constrictors used in this experiment were fitted snugly in most cases, and a complete obstruction of the coronary artery was successfully achieved in a relatively constant postoperative period. Although no definite control data are available in the ameroid preparation, little collateral development is expected to occur early after ameroid implantation.'2' 13, 27 Because the purpose of this experiment was to compare the cardiac response to stress induced at different intervals in the process of collateral development, the values at 5-10 days after surgery were used as control measurements for the subsequent studies. 27 The dogs were killed 28-41 days (mean 34 days) postoperatively. At necropsy, proper alignment of the crystals was confirmed and both control and the ischemic segment crystal pairs were found within the inner third of the ventricular wall. The inner crystals of the wall thickness pairs were also found within the inner third of the wall and the epicardial crystals faced the inner crystals in proper alignment in each dog.
No infarction or scar was visible on gross examination in any of the dogs. Histologic examination was performed in full sections of the myocardial regions between the pairs of crystals in both the normal and the ischemic areas. The severity of tissue damage within each section was expressed as the percentage of scarred tissue relative to normal tissue. Each crystal was tightly fixed in the myocardium and surrounded by a 1-2-mm rim of scar tissue, which was not included in the percent calculation. There was no histologic evidence of myocardial damage in the normal control regions in any of the 10 dogs. In the ischemic regions, some sparse, patchy scarring (0-8%, mean 1.5%) was found.
Results
Hemodynamic and Regional Responses to Pacing
Hemodynamic and dimensional data are presented in tables 1 and 2. Representative recordings from one of the dogs are shown in figure 1 and percent changes in regional function are presented in figure 2 . Resting hemodynamic and dimensional measurements were not significantly different for the three pacing periods.
In the first pacing period, performed an average of 7 days postoperatively, left ventricular systolic and end- Hemodynamic and dimensional data after the third pacing period, performed an average of 30 days postoperatively, were similar to those in the first pacing study (tables 1 and 2, fig. 2 ). Only slight postpacing regional dysfunction occurred, and the increase in ventricular end-diastolic pressure and decrease in dP/dt observed in the second pacing study were not observed (table 1) .
Hemodynamic and Regional Responses to Exercise
Hemodynamic and dimensional changes during the exercise periods are shown in table 3 and representative recordings in figure 3 . Average heart rate responses during exercise and pacing were not significantly different. During the first run, performed an average of 3 days after the second pacing study (25 days postoperatively), heart rate, left ventricular pressures, and positive and negative dP/dt were substantially elevated during running, and no significant changes were observed in end-diastolic segment length or wall thickness in the ischemic zone. However, percent shortening and percent wall thickening in the ischemic zone decreased to 37% and 32% of control, respectively (p < 0.01), changes resembling those in the postpacing period of the second pacing study (table 2, fig. 4 ). ning to levels similar to those in the first run, and enddiastolic segment and wall thickness in the ischemic zone were unchanged from control. However, percent shortening and percent wall thickening were again decreased significantly, to 51% and 51% of control, respectively (p < 0.01), changes similar to those in the postpacing period of the second pacing study (table 2, fig. 4 ). Of these two measurements, only percent thickening was significantly improved over the systolic thickening observed during the first run (table 3) . Thus, regional myocardial dysfunction was produced by exercise at a time when changes elicited after pacing had returned to the level observed in normal segments ( fig. 4) .
Discussion
The functional significance of the collateral blood supply has been assessed by studying the effects of stress on regional contractile function. This relatively simple, indirect approach to studying collateral-dependent zones may be applicable to noninvasive study in man. Recent studies in our laboratory using injections of radioactive microspheres to measure coronary quate collateral blood supply in the resting state.12 ' 13 Myocardial infarction sometimes occurs in zones supplied by ameroid-occluded vessels, in which case resting regional function should be decreased in proportion to the extent of tissue damage.2' The fact that regional dysfunction during postpacing and exercise reflected transient ischemia due to limited collateral flow is further documented by our finding'3 that exercise-induced dysfunction completely disappears if exercise runs are performed after 5 or 6 weeks. This observation is in accord with that of Lambert et al.8 who found normal regional flow responses to exercise in collateral-dependent zones several months after implanting an ameroid constrictor. These findings indicate that in the dog, coronary blood flow sufficient to meet the increased oxygen demands induced by stress can eventually be restored as collaterals develop. In man, however, the extent and adequacy of collateral blood supply is highly variable.'0' [17] [18] [19] The findings in the present study suggest that collateral vessels developed progressively as the coronary artery narrowed (since there was preservation of normal regional function at rest), and they also provide indirect evidence that the collateral flow reserve during stress remained severely limited early after complete occlusion of the artery. One week later, however, the collateral blood supply was apparently adequate to meet the increased metabolic demand induced by the pacing stress, since regional functional responses in the affected zone immediately after pacing returned to normal. Coronary collateral vasculature develops both before and after closure of the coronary artery, but the most rapid decrease in collateral resistance distal to the obstructed coronary occurs within 1 month after ameroid implantation.3' Our findings suggest that partial collateral flow reserve is also developed rapidly, demonstrable by indirect studies of regional contractile function within a few days after complete occlusion of the artery.
Because of atrioventricular block during rapid pacing in many dogs, we had to use ventricular stimulation (thereby affecting the normal regional contraction pattern) and study the immediate postpacing contractile responses; this technique is often used in clinical studies.", 2, 6, 10 We studied the time course of contractile responses during exercise rather than immediately after exercise, since the recovery of regional function after exercise was found to be quite variable, and because the response during exercise is frequently used 11 14 16 The heart rate was substantially slower during the postpacing response than during exercise, but pacing-induced ischemia persists into the early postpacing period, and these two approaches have been useful in patients with coronary heart disease. Left ventricular end-diastolic pressure increased markedly after the second pacing period. This finding supports previous studies in man that indicate that increases in end-diastolic pressure and altered diastolic pressure-volume characteristics immediately after interruption of pacing are markers of ischemia.1 6 The reasons for slight dysfunction even in normal regions shortly after stopping pacing have been discussed.9
Exercise markedly improves function in normal zones and reduces shortening and regional wall thickening in ischemic zones during the exercise period. In contrast to the disappearance of postpacing regional dysfunction, exercise stress continued to provoke severe regional dysfunction in the collateral-dependent zone 1 week later. The exercise studies were performed 0-5 days after the second pacing study and 0-2 days after the third pacing study. Thus, there could have been slightly more collateral development at the time of the exercise runs; nevertheless, more ischemic dysfunction was produced by exercise than by pacing in the final studies. The difference in the average maximum levels of heart rate during pacing and exercise was not statistically significant. Therefore, other determinants of myocardial oxygen consumption, including the inotropic state, blood pressure and heart size,32 may explain the more severe initial ischemic response to exercise and its persistence when the postpacing response had become normal. Thus, the maximum dP/dt achieved during exercise was considerably greater than that during pacing; also, whereas the heart size remained the same or increased slightly during exercise as systolic pressure rose, it decreased during pacing, with little change in systolic 
